The incorporation of "4C-2-mevalonic acid into transfer RNA and ribosomal RNA (high molecular weight RNA) in rapidly growing, cytokinin-dependent tobacco (Nicotiana tabacum var. Wisconsin No. 38) callus cultures has been investigated. Approximately 40% of the label incorporated into transfer RNA was present in a ribonucleoside with chromatographic properties identical to those of cis-ribosylzeatin. The remainder of the label in the transfer RNA appears to be nonspecific incorporation resulting from degradation and metabolism of "C-2-mevalonic acid by the tobacco callus tissue. Although the total radioactivity incorporated into ribosomal RNA was roughly the same as in transfer RNA, the specific radioactivity of the transfer RNA was about four times higher than that of the ribosomal RNA, and the ribosomal RNA labeling could be distinguished from the cytokinin labeling observed in transfer RNA. The distributions of the "4C-2-mevalonic acid label and cytokinin activity in tobacco callus transfer RNA fractionated by benzoylated diethylaminoethylcellulose chromatography indicate that at least two cytokinin-containing transfer RNA species are present in this tissue.
' Present address: Department of Botany and Plant Pathology, Oregon State University, Corvallis, Ore. 97331.
I Abbreviations: bzl6Ade: N"-benzyladenine = 6-benzylaminopurine; iAde: N6-(A2-isopentenyl)adenine = 6-(3-methyl-2-butenylamino)purine; PA: NM-(A2-isopentenyl)adenosine = 6-(3-methyl-2-butenylamino)-9-B-n-ribofuranosylpurine; c-io6A: cis-ribosylzeatin = 6-(cis-4-hydroxy-3-methyl-2 -butenylamino) -9 -p-D-ribofuranosylpurine; t-ioWA: trans-ribosylzeatin = 6-(trans-4-hydroxy-3-methyl-2-butenylamino)-9-f-D-ribofuranosylpurine; ms'PA: 6-(3-methyl-2-butenylamino)-2-methylthio-9-pB-D-ribofuranosylpurine; ms"io'A: immediate precursor of the isopentenyl side chain of ifA in tRNA has been shown to be A2-IPP (9, 15 ). An enzyme, A2_ IPP:tRNA isopentenyltransferase, that catalyzes the transfer of the isopentenyl group of A2-IPP to the appropriate unmodified residues in preformed tRNA molecules has been partially purified from yeast (15) and Escherichia coli (4, 26, 30) , and the in vivo incorporation of radioactive mevalonic acid into i'A in tRNA has been observed in Lactobacillus acidophilus (8, 22, 23) and tobacco callus (7) . The cytokinin constituents of plant tRNA preparations typically include c-io6A as well as i'A and the 2-methylthio derivatives of these compounds, ms2io6A and ms'i6A (5, 6, 14, 24, 29) . The formation of free t-io6A from iA in cultures of the mycorrhizal fungus Rhizopogon roseolus (19, 20) and by corn endosperm (19) suggests that the c-io6A moiety in plant tRNA molecules may arise from stereochemical-specific hydroxylation of the isopentenyl side chain of i'A in tRNA. However, the biosynthetic pathway of io6A in tRNA has yet to be established.
The incorporation of radioactive MVA into tobacco callus tRNA was investigated by Chen and Hall (7) , who reported that the label incorporated into tRNA was localized exclusively in iPA. As the cytokinin constituents of tRNA prepared from rapidly growing tobacco callus cultures include c-io6A and ms2io6A as well as iPA (6) , it was of interest to determine whether these ribonucleosides could also be labeled with MVA. The results of studies on MVA incorporation reported here demonstrate that MVA can serve as a precursor for the c-io6A moiety in tobacco callus tRNA. In addition, the incorporation of MVA into rRNA (a high mol wt RNA preparation) from tobacco callus tissue and the distribution patterns of the MVA label and cytokinin activity in tobacco callus tRNA fractionated by BD-cellulose chromatography have been examined. were cold-sterilized in DMSO (27) The CTA-RNA precipitate was collected by centrifugation (10,OOOg, 30 min) and converted to the sodium form by repeated suspension in 0.4 M sodium acetate (pH 6, glacial acetic acid) followed by precipitation with ethanol until the conversion was complete.
MATERIALS AND METHODS

Materials
The RNA from above was dissolved in 0.1 M tris-HCI buffer (pH 7.3) containing 0.2 M NaCl and applied to a DEAEcellulose column (about 5 ml bed volume/kg original tissue) equilibrated with 0.1 M tris-HCl buffer (pH 7.3). The column was washed with the buffer containing 0.2 M NaCl (at least 20 bed volumes) and the tRNA then eluted with 0.1 M tris-HCI (pH 7.3) containing 1 M NaCl (about 10 bed volumes). The tRNA was recovered from the column eluate by ethanol precipitation.
The tRNA prepared by this method consisted of 4S RNA contaminated with a small amount of 5S RNA and was essentially free from high mol wt RNA and DNA as judged by polyacrylamide gel electrophoresis (Fig. 1A) .
Preparation of tRNA (Method B). The tobacco callus tissue was divided into 1 50-g lots. Each lot was homogenized (Sorvall Omnimixer, 5 min) in 300 ml of cold (-20 C) ethanol. The homogenate was centrifuged (7,500g, 10 min), and the supernatant was discarded. The pellet from the above homogenate was resuspended (Sorvall Omnimixer, 5 min) in 150 ml of 25 mm tris-HCl buffer (pH 7.3) containing 0.5% (w/v) naphthalene-1,5-disulfonic acid (disodium salt) and 100 ml of buffer-saturated phenol containing 0.1 % (w/v) 8-hydroxyquinoline. The mixture was stirred for 30 min, centrifuged, and the RNA recovered from the aqueous phase was further purified by treatment with the phenol-m-cresol mixture and by potassium acetate extraction as described for method A. The RNA recovered from the potassium acetate extract was washed twice with cold 70% (v/v) ethanol containing 0.1 M sodium acetate as described previously, dissolved in 25 mm tris-HCl (pH 7.3) containing 25 mm NaCl and 0.2% (w/v) TEAB (125 ml of buffer/kg of original tissue), and fractionated by the methoxyethanol partition method of Kirby as modified by Ralph and Bellamy (25) . The CTA-RNA precipitate from this procedure was converted to the sodium form, and the tRNA further purified by DEAE-cellulose chromatography as described for method A.
The tRNA prepared by method B consisted of 4S RNA contaminated with small amounts of 5S RNA and variable amounts of DNA and was essentially free from high mol wt RNA as judged by polyacrylamide gel electrophoresis.
Preparation of rRNA (High Molecular Weight RNA). The residue from the potassium acetate extraction in method A above was washed twice as described and extracted (30 min stirring) with 25 mM tris-HCl (pH 7.3) containing 25 mm NaCl and 0.2% (w/v) TEAB (250 ml solution/kg original tissue). The supernatant recovered by centrifugation at 1 6,000g for 30 min was brought to room temperature (25 C) and made to 0.6 in 1.4 M NaCl was added (final concentrations: 0.5% CTAB in 0.8 M NaCl), and the mixture was stirred for 30 min at room temperature followed by centrifugation at 16,000g for 60 min. The CTA-RNA complex was precipitated from the supernatant by addition of one volume of 0.5% CTAB (in distilled H20) and collected by centrifugation at 10,000g for 30 min. The CTA-RNA precipitate was converted to the sodium form as described above for tRNA.
The RNA preparation obtained by this method contained primarily rRNA (18S and 25S RNA) as judged by polyacrylamide gel electrophoresis (Fig. 1 B) , and was virtually free from tRNA. For convenience, this preparation is referred to as rRNA.
Polyacrylamide Gel Electrophoresis. The method was essentially that of Loening (16) .
Analysis of RNA Preparations for Cytokinin Ribonucleosides. Tobacco callus tRNA was hydrolyzed to ribonucleosides with snake venom and alkaline phosphatase as described previously (11) . rRNA was hydrolyzed in the same manner except that the preparation was incubated with ribonuclease T1 (pH 7.5, 37 C, 2 hr) prior to the addition of snake venom and alkaline phosphatase. The columns as described by Armstrong et al. (1) . The stereoisomers of io6A were fractionated by Porapak Q column chromatography (2). The elution positions of appropriate cytokinin ribonucleoside standards were determined for each column.
BD-celiulose Chromatography. tRNA samples were dissolved in 0.4 M NaCl and applied to BD-cellulose columns (1.3 X 44 cm, about 55 ml bed volume) equilibrated with the same solvent. The tRNA was eluted from the column with a linear gradient of NaCl (0.4-1 M, 500 ml each). The gradient was stopped at about 0.9 M NaCl, and the column was purged with 1 M NaCl containing 15% (v/v) ethanol. Flow rate and fraction size are indicated in the legends to the figures.
Bioassay of Cytokinin Activity. tRNA fractions from BDcellulose columns were pooled as indicated. RNA was precipitated from the pooled fractions by the addition of onetenth volume of 0.6 M MgCl2 and two and one-half volumes of ethanol. The precipitates were allowed to stand at -20 C for at least 48 hr and then collected by centrifugation at 15,000g for 20 min. The recovery of RNA, as judged by A,. measurements, was essentially quantitative for even the most dilute of the fractions. The recovered tRNA was acid hydrolyzed and tested for cytokinin activity in the tobacco bioassay as previously indicated. Sufficient E. coli B tRNA was added to each pooled fraction to give a final RNA concentration of 2 A2,. units/ml, and the fractions were chilled overnight at 4 C. The RNA was precipitated from the chilled fractions by addition of an equal volume of cold 20% (w/v) trichloroacetic acid. The precipitates were collected by filtration on glass fiber discs (Whatman GF/ A), washed briefly with small aliquots of cold 10% trichloroacetic acid, and dried under a heat lamp until the odor of trichloroacetic acid was no longer evident. The dried filters were transferred to scintillation vials and counted as described above.
RESULTS
Effect of MVA on Growth of Tobacco Callus Cultures. The growth of tobacco callus on RM-1965 medium containing 11.4 ,uM IAA and varying concentrations of cytokinin (i'Ade) and MVA is shown in Figure 2 . In the absence of cytokinin, MVA did not have a significant growth-promoting effect on the tissue. However, the addition of MVA (2-20 ftM) to media containing optimal levels of cytokinin resulted in a 2-to 3-fold increase in the fresh weight of the tissue. These results are in general agreement with those reported by McChesney (18) . The MVA concentration (2 ftM) used in the labeling studies reported here was less than optimal for the growth of the callus, but it significantly promoted the growth of the tissue over that of cultures supplied with i'Ade and IAA in the absence of MVA. Incorporation of MVA into Tobacco Callus tRNA and rRNA Preparations. The distribution of radioactivity from 4C-2-MVA in tobacco callus tRNA and rRNA preparations is shown in Table I . The total radioactivity incorporated into the two RNA preparations was roughly the same, but the specific radioactivity of the tRNA preparation was about four times higher than that of the rRNA. Furthermore, after enzymic hydrolysis to ribonucleosides, about 68% of the radioactivity present in the tRNA could be recovered by ethyl acetate extraction of the lyophilized hydrolysate, but only 29% of the radioactivity present in the rRNA hydrolysate was ethyl acetate-soluble.
The ethyl acetate-soluble ribonucleosides isolated from the tobacco callus tRNA hydrolysate were fractionated by chroma- (Fig. 4A ) confirmed that about 87% of the label was localized in io'A. The stereoisomer composition of the labeled io'A (fraction IV-6 in Fig. 4A ) has been examined by Porapak Q column chromatography in 16% ethanol (2) as shown in Figure 5 . As expected, about 80% of the label in this fraction was present in the cis-isomer. No significant label corresponding to the trans-isomer was detected. Fractionation of the ethyl acetate-soluble ribonucleosides from the tobacco callus rRNA hydrolysate on a Sephadex LH-20 column in 35% ethanol (Fig. 3B) also gave a peak of radioactivity at the elution position corresponding to io'A. However, this peak of label eluted earlier than io'A when re-chromatographed on Sephadex LH-20 in distilled H20 (Fig. 4B) .
Distributions of MVA Label and Cytokinin Activity in Tobacco Callus tRNA Fractions. Tobacco callus tRNA labeled with "C-2-MVA was fractionated by BD-cellulose chromatography (Fig. 6) . Fractions from the latter half of the elution profile were enriched in specific radioactivity (Fig. 6B) , and two distinct peaks of radioactivity eluted near the middle of the salt gradient (fractions 40-60) and just after the major peak of UV-absorption (Fig. 6A) . The two peaks of radioactivity corresponded to two minor peaks of UV-absorption. (Fig. 3) , equivalent to 309 Am units tRNA (Fig. 3A) and 1,174 Am units rRNA (Fig. 3B) , respectively, were taken to dryness, and each dissolved in 2 ml of doubledistilled H20. The dissolved samples were applied to respective Sephadex LH-20 columns (30 g each, 1 .9 x about 43.5 cm, about 123 ml bed volumes) equilibrated with the same solvent. The columns were eluted with double-distilled H20. Six ml fractions were collected, pooled as indicated, and 50% aliquots taken for radioactivity measurements as described under "Materials and The distribution of cytokinin activity in tobacco callus tRNA fractionated on BD-cellulose was determined on a second tRNA preparation (Fig. 7) . The first major peak of UV-absorption from this column (fraction I) was found to contain DNA, while the second major peak (pooled fraction II) contained primarily 5S RNA as judged by polyacrylamide gel electrophoresis. Approximately 80% of the cytokinin activity detectable in BD-cellulose fractions was associated with the two minor UV-absorbing peaks (pooled fractions V and VI) corresponding to the peaks of mevalonic acid incorporation noted in Figure 6 . The remaining cytokinin activity was spread over the latter fractions of the elution profile.
DISCUSSION
The results reported here demonstrate that 14C-2-MVA can serve as a precursor for the in vivo biosynthesis of io6A groups in tobacco callus tRNA. Under the growth conditions employed in this study, c-io6A is the major cytokinin present in the tobacco callus tRNA. Chromatographic evidence indicates that about 40% of the radioactivity incorporated into the tRNA can be attributed to c-io6A. The remainder of the label associated with the tRNA preparation appears to be random incorporation resulting from the utilization of degraded "C-2-MVA in RNA synthesis. This conclusion is based on the chromatographic properties of the labeled ribonucleosides and the uniform background labeling observed in tRNA fractionation studies. As far as can be determined from present data, the incorporation of 14C-2-MVA into tobacco callus rRNA ,uM "C-2-MVA. A total of 1000 APo units of this tRNA preparation was fractionated by BD-cellulose chromatography as described under "Materials and Methods." Ten ml fractions were collected at a flow rate of 10 ml/12 min. The fractions were pooled as indicated, and 50% aliquots of the pooled fractions taken for radioactivity measurements as described under "Materials and Methods." A: Elution profiles for UV-absorption and radioactivity; B: specific radioactivity of pooled fractions.
preparations appears to be due entirely to such random incorporation.
Chen and Hall (7) reported that the label incorporated into A total of 700 A2 units of this tRNA preparation was fractionated by BD-cellulose chromatography as described under "Materials and Methods." Fractions (9.6 ml) were collected at a flow rate of 9.6 ml/15 min. The fractions were pooled as indicated, and 67% aliquots taken for analysis of cytokinin activity as described under "Materials and Methods." tobacco callus tRNA from "4C-2-MVA was exclusively localized in i1A. Our results indicate that a preferential labeling of cio6A groups in tobacco callus tRNA is accompanied by significant randomization of the "C-2-MVA label. The differences in the results of the two studies can presumably be attributed to differences in culture conditions. Chen and Hall used older cultures and, in most cases, an exogenous source of cytokinin was not included in the tissue culture medium. The difference in labeling patterns may, therefore, reflect differences in the growth rate of the cultures employed in the two studies.
The actual quantity of radioactivity incorporated into c-io6A in tobacco callus tRNA was very small, corresponding to one cytokinin residue per about 7000 tRNA molecules. This low level of incorporation presumably reflects a large dilution of the label by endogenous biosynthesis of MVA in rapidly growing tobacco callus. (Approximately 73% of the label supplied in the medium was taken up by the tissue.) It should be noted that the concentration of MVA used here was 6-fold less than that used by Chen and Hall (7) .
Information concerning the distribution of cytokinin moieties with respect to individual plant tRNA species is very limited.
On the basis of work with other organisms (12, 13, 21, 28) , we assumed that cytokinin-active bases will be found in only those plant tRNA species that respond to codons beginning with U, but it is not possible to predict which tRNA species within this group will actually contain cytokinins. The 
